We perform time resolved photoelectron spectroscopy measurements of optimally doped Bi2Sr2CaCu2O 8+δ (Bi-2212) and Bi2Sr2−xLaxCuO 6+δ (Bi-2201). The electrons dynamics show that inelastic scattering by nodal quasiparticles decreases when the temperature is lowered below the critical value of the superconducting phase transition. This drop of electronic dissipation is astonishingly robust and survives to photoexcitation densities much larger than the value sustained by long-range superconductivity. The unconventional behaviour of quasiparticle scattering is ascribed to superconducting correlations extending on a length scale comparable to the inelastic path. Our measurements indicate that strongly driven superconductors enter in a regime without phase coherence but finite pairing amplitude. The latter vanishes near to the critical temperature and has no evident link with the pseudogap observed by Angle Resolved Photoelectron Spectroscopy (ARPES).
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PACS numbers:
The equilibrium properties of cuprates superconductors have been characterized by an impressive number of different techniques. The normal phase of these compounds displays an antinodal pseudogap whose origin is still debated [1] . In the superconducting phase, quasiparticles are well defined also at the antinodes and generate a single particle gap with d-wave simmetry [2, 3] . Conversely to conventional superconductors, the cuprates display a layered structure and a pairing interaction extending over few lattice sites. Therefore precursor effects of the superconducting condensate can be observed slightly above the transition temperature T c [4] [5] [6] [7] . In this critical region, the amplitude fluctuations of the order parameter account for most of the experimental results [4, 5, 7] .
Whether incoherent Cooper pairs exist far from equilibrium conditions is at the focus of our current research activity. Many pump-probe experiments have already monitored the dynamics of the condensate in cuprates. It is established that superconductivity recovers in several picoseconds and that such timescale becomes fluence dependent in the low excitation regime [8, 9] . These results have been confirmed by monitoring the inductive response of supercurrents [10] and the gapped spectrum of the single particle excitations [11, 12] . Phenomenological rate equations could successfully account for the recovery of superconductivity in the weak perturbation regime [10, 13] . Nonetheless, the photoexcited state generated by intense optical pulses is still poorly understood. Apparently, the dynamics of transient reflectivity display a fast relaxation channel only if the sample is above T c or if it is strongly photoexcited [14, 15] . Below T c , the lack of a fast relaxation suggests that superconducting correlations inhibit dissipation of quasiparticles [14] . Time ad Angle Resolved PhotoElectron Spectroscopy (tr-ARPES) confirmed the appearance of a fast dynamics only in the high excitation regime of the superconducting phase [16] .
In this work, we show that a detailed (tr-ARPES) analysis of the quasiparticles dynamics provides deep insights on the photoexcited state. The employed pumping fluence is always above the largest value sustained by longrange superconductivity. Despite it, the inelastic scattering of photoexcited quasiparticles displays a downturn below T c . We ascribe such unusual finding to the persistence of short range superconducting correlations up to large photoexcitation densities. It follows that strongly driven condensates are in a transient state with no phase coherence but strong pairing amplitude. This state is qualitatively different from the fluctuating superconductor in equilibrium conditions. In the latter case, our measurements confirm that the pairing amplitude vanish when the temperature is raised slightly above T c .
I. METHOD
We perform tr-ARPES on optimally doped Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) single crystals ( T c = 91 K ) and thin film of optimally doped Bi 2 Sr 2−x La x CuO 6+δ Bi-2201 ( T c = 28 K ). The samples are mounted on a cryogenic manipulator and are cleaved at the base pressure of 6x10 −11 mbar. Time-resolved measurements are carried out at 250 KHz in a pump-probe scheme: short and intense 40 fs laser pulses at a central energy of 1.55 eV drive the system far from equilibrium whereas the photoelectrons are emitted by time delayed pulses at 6.28 eV. Pump and probe beams are focused almost collinearly on the sample and have a cross correlation with FWHM of about 80 fs [17] . The fluence of the pumping pulses has been carefully measured by imaging the focal point of the laser beams on an external camera. Figure 1 shows the horizontal and vertical profile of the pump and probe beam when the spatial overlap and the pump-probe signal are maximal. We measure the average power just before the entrance in the UHV chamber and we weight the pump profile with the probe one. By these means, we can precisely estimate the average fluence incident on the probed area of the sample. We set the probe beam polarization along the nodal plane of the crystal in order to maximize the photoelectron signal generated by the quasiparticles. Photoelectron spectra are acquired with an angular resolution better than 0.1
• and an energy resolution of 70 meV. The typical probing depth of emitted photoelectrons is few nanometers whereas the optical penetration of the pump beam is roughly 150 nm. As a consequence, our experiment probes a region at the surface of the sample with nearly uniform excitation density. In order to avoid thermal heating, the repetition rate has been reduced to 100 KHz for pumping fluence above 150 µJoule/cm 2 . The absence of a photoinduced signal at negative pump-probe delay guaranties that the average heating of the surface is always negligible.
II. QUASIPARTICLE RELAXATION ABOVE THE TRANSITION TEMPERATURE
As sketched in Fig. 2(a) , the tr-ARPES spectra are measured in the nodal direction of the first Brillouin zone. Figure 2(b) shows the quasiparticle dispersion of optimally doped Bi-2212 measured at T = 150 K in equilibrium condition, i.e without pump irradiation. We show in Fig. 2 (c) the photoelectron intensity map acquired at 50 fs after the arrival of a pump-pulse carring 60 µJoules/cm 2 . As shown in Fig. 2(d) , effect of the pump excitation can be enlightened by the subtraction between the photoelectron intensity map acquired at positive delay and the one acquired without pump pulse. Here two major effects can be resolved: (i) a transfer of spectral weight from below the Fermi level (red in false colors) to above it (in blue) [11] and (ii) a rigid band shift joined to the photoinduced broadening of the quasiparticle peak [22] . Effect (i) is also visible in the energy distribution curves extracted at the Fermi wavevector and plot in Fig.  2 (e). The additional shift (ii) generates an area of intensity gain below the Fermi level (blue in Fig. 2(d) ). Finally the photoinduced broadening must be extracted from an analysis of the momentum distribution curves. In the following we focus only on (i), i.e. on the recombination processes that drive the system back to the equilibrium.
We track the transient dynamics by integrating the intensity of the differential image in an area just above and just below the Fermi level (see Fig. 2 
(d)). Figure 2 (f)
shows the obtained intensity I(t) of photoexcited electrons (blue) and photoexcited holes (red) normalized to the maximal value I m . We fit I(t)/I m by a bi-exponential function A 1 exp(t/τ 1 ) + A 2 exp(t/τ 2 ) convoluted with a Gaussian distribution of 80 fs FWHM. In all measured cases the dynamics of photoexcited electrons and photoexcited holes are identical within the errors bars. The relaxation takes place on two distinct timescales: a faster one with a decay time τ 1 = 150 fs and a slower one with τ 2 = 2.5 ps [18] . Such timescales arise from the dissipation rate of the nodal quasiparticles after photoexcitation by the pump pulse. The collective modes acting as an energy sink of photoexcited electrons are phonons and paramagnons. However the putative generation of hot spin-fluctuations would affect only the energy dissipation of electrons with excitation energy larger that the paramagnon one (which is peaked around 200 meV) [19] and act on a timescale faster than 20 fs. This value can be inferred from the paramagnon linewidth [19] and has been reported in the initial dynamics of the electrons [20] . We conclude that paramagnons are irrelevant to the dissipation of the low energy quasiparticles whereas the dynamics observed in Fig. 2 (f) only implies scattering with lattice modes: quasiparticles first emit a subset of optical phonons that are more strongly coupled to the electronic system. After roughly τ 1 ∼ = 150 fs, the excited phonon modes thermalize with the quasiparticles whereas a weaker dissipation proceeds via coupling with low energy acoustic phonons and anharmonicities. These slower processes are responsible for the cooling of the electronic system on the τ 2 = 2.5 ps timescale. In our analysis the parameter A 1 can be viewed as the fraction of electronic energy density dissipated in hot optical phonons whereas A 2 = 1−A 1 is the energy resting in the electrons once the scattering with optical phonons reached detailed balance conditions. We expect that heat diffusion takes place on a timescale longer than τ 2 and that can be therefore neglected.
III. QUASIPARTICLE RELAXATION ACROSS THE SUPERCONDUCTING PHASE TRANSITION
Intensity difference maps as the one shown in Fig. 2 (d) have been measured at F = 60µJ/cm 2 for different pump probe delays t and sample temperatures T . The pumpprobe signal I(t) has been obtained by integrating the photoexcited electrons in the blue dashed square. Figure 3(a) shows the extracted temporal evolution of the normalized signal I(t)/I m . When changing temperature, the maximal intensity I m scatters randomly around the average value with errors bars of 30% (not shown). We ascribe these uncertainties to the movement of sample position during the cooling process. We could not identify any reproducible trend of I m for 35K < T < 150K [21] . Anyway, the relative small variations of the maximal pump-probe signal suggest that the initial energy density of excited quasiparticles depends weakly on the sample temperature. The bi-exponential fit of I(t)/I m and the slow component A 2 exp(t/τ 2 ) are shown by solid line and colored areas, respectively. We observed that the slow decay time does not depend on temperature and is constant in a confidence interval τ 2 = 2.5 ± 0.5 ps. Notice in Fig. 3(b) that the weight of the fast component is nearly constant above T c whereas it drops when T is below the critical temperature. At T = 35 K the weight A 1 has almost vanished so that nodal quasiparticles are no longer able to efficiently scatter with optical phonons. This behavior correlates to a weaker dissipation rate. Despite the large error bars, the τ 1 parameter in Fig. 3(c) is clearly increasing when the system is cooled below the critical temperature. The trends reported in Fig. 3(b,c) have been consistently observed on three different cleaves of Bi-2212.
Our data indicate that a remnant Cooper pairing inhibit phonon scattering channels even if the photoexcitation fluence is of 60 µJ/cm 2 . On the other hand, this pump fluence is considerably larger than the minimal value necessary for the complete destruction of phase coherence. When the sample is in equilibrium conditions the phase coherence can be monitored by diamagnetic measurements or by the electrodynamics response at low THz. The latter method has been already employed by several authors to measure the inductive response of the superconducting condensate out of equilibrium [10, [23] [24] [25] [26] [27] [28] . Time resolved THz spectroscopy measurements on optimally doped Bi-2212 [10] have shown that supercurrents are completely suppressed when pumping the sample with 800 nm pulses having fluence above F c = 11 − 14µJ/cm 2 [23] . These works [10, [23] [24] [25] ] also indicate that long-range superconductivity is rapidly destroyed and recovers on the picosecond timescale. By a direct comparison with the time resolved THz data [24] , we can identify a temporal window larger than 1 ps when the material does not hold superfluid density although quasiparticles do not display a strongly inelastic scattering.
IV. COMPARISON BETWEEN BI2212 AND BI2201
The question arise if the reduction of quasiparticle dissipation persists to fluences higher than F c because of the presence of an antinodal pseudogap observed by ARPES measurements [30, 33] . This hypothesis does not explain why the dynamics in Fig. 3 show a clear change below 1.3T c ∼ = 120 K, namely at the point where amplitude fluctuations of the superconducting order parameter should grow-up [4, 5, 7] . Moreover it is inconsistent with our tr-ARPES measurements of optimally doped Bi-2201. The single layer Bi-2201 has T c = 28 K but develops an antinodal pseudogap already below 120 K [30] [31] [32] . Intensity maps as the ones in Fig. 2(d) have been integrated in the dashed blue region. We show in Fig. 4 it is nearly absent in Bi-2212. This comparative analysis indicates that the observed drop of quasiparticle dissipation is related to superconducting correlations but not to the pseudogap.
V. QUASIPARTICLE RELAXATION AT DIFFERENT PHOTOEXCITATION DENSITIES
Next, we set the temperature of the bilayer Bi-2212 to 35 K and we perform temporal scans increasing the pump fluence from 40 up to 240 µJ/cm 2 . Figure 5 (a) shows the normalized I(t)/I m and the bi-exponential fits. In agreement with previous results [21] , we show in Fig.  5(b) that I m has nearly a linear dependence on fluence for F > F c . As shown by Fig. 5(c) , the fast scattering component A 1 is not detectable for pump fluence of 40 µJ/cm 2 and grows up non-linearly at higher photoexcitation densities. An indication of this threshold has been already reported by R. Cortés et al. [16] , who have shown that the fast quasiparticle relaxation develops for pumping fluences in the range 30-130µJoule/cm 2 . Our data are also in agreement with the onset of the rapid dissipation channel observed at 70µJoule/cm 2 in transient reflectivity experiments [14] . By comparing the curve in Fig. 5(c) with the measurements of M. A. Carnahan [23] , we identify a fluence regime between 14 ± 3 and 40 ± 5µJ/cm 2 when the phase coherence is lost but the fast dissipation channel is blocked. Moreover, by comparing Fig. 5(c) with Fig. 3(b) we notice that the fast dissipation component A 1 attain similar values if: a) the sample is few tens of degrees above T c or b) the sample is at 35 K and the excitation fluence is ∼ 200µJ/cm 2 . Therefore, an excitation fluence roughly 10 times larger than the threshold F c must be employed to observe a quasiparticle dynamics that qualitative resembles to one of the high temperature phase. This finding is in strike contrast to the equilib- [4, 6, 7] . Finally, we report in Fig. 6 (a) a delay scan of I(t)/I m acquired with smaller temporal steps, pump fluence of 240 µJoule/cm 2 and temperature of T = 35 K. By fitting the data, we find a fast decay time τ 1 = 500 fs, therefore consistent with the low temperature limit of Fig 3(c) .
VI. DISCUSSION
In the following we discuss our experimental findings and their implications to the physics of cuprates. An electron traveling ballistically with the Fermi velocity v F ∼ 3 · 10 5 m/s for an interval of time τ 1 ∼ 500 fs covers a distance l m ∼ 150 nm. Therefore l m should be viewed as an upper limit of the distance explored by quasiparticles before that dissipation via optical phonon emission takes place. It is nonetheless very unlikely that electrons travel ballistically during the timescale τ 1 ∼ 500 fs. Instead, a random walk motion will originate from all scattering processes other than optical phonon emission. In this case the distance explored by a quasiparticle would be smaller than l m . A purely diffusive model with diffu-
is the real mean free path of non-equilibrium quasiparticles. We estimate l b from an analysis of Momentum Distribution Curves (MDC) [22] . This procedure is not straightforward, as the FWHM of the MDCs is dominated by our finite resolution. In equilibrium and at low temperature, the intrinsic linewidth of the quasiparticle is very small. High resolution ARPES measurements are limited by surface imperfections and provide an upper limit of 0.06 nm −1 [33] . Out of equilibrium conditions, the quasiparticle mean free path becomes considerably shorter. Indeed Figure 6 (b) shows that the photoexcited quasiparticle peak is ∼ = 0.15 nm −1 larger than the equilibrium one. Therefore the mean free path at 50 fs after the arrival of the pump pulse is roughly l b ∼ = (0.06 + 0.15) −1 nm ∼ = 5 nm. This suggests that even photoexcited BSCCO is in the clean limit [34] , i.e. the quasiparticles experience a mean free path l b larger than the pairing range ξ 0 ∼ = 1 − 2 nm [35] . By applying the diffusion equation to our problem we find l = √ l b l m ∼ = 30 nm.
It is reasonable that an electron pairing over a distance ξ > l inhibit the quasiparticles scattering. Therefore, inelastic scattering can be an effective probe of superconducting correlations on the characteristic scale l. Most interestingly, our experiment monitor short range correlations while the system is far from equilibrium conditions. Not much is known about the excited state generated upon irradiation with 1.5 eV. Clearly, the primary photoexcited electrons trigger a cascade of secondary processes that dephase and break Cooper pairs. Albeit long range superconductivity is lost when F > F c , the short range superconducting correlations may persist up to higher pumping fluence. Therefore, the dissipation of quasiparticles would be hampered until the finite coherence (or coarsening) length ξ of such superconducting correlations becomes comparable to l. Our experimental observations strongly support this scenario. Since the fast component A 1 saturates for F ∼ 200µJ/cm 2 , the signature of short range correlations is roughly 10 times more robust than the phase stiffness [10, 23] . Notice that this state of matter only arises when exciting the system in the condensed phase. Indeed, the temperature dependence of A 1 in Fig. 3 indicates that any signature of pairing amplitude vanishes for temperatures slightly above T c . The latter finding is in agreement with the small temperature window where fluctuations have been previously reported [4] [5] [6] .
It is quite natural that equilibrium and non equilibrium properties of superconductors look very different: the long wavelength amplitude fluctuations are much slower than short wavelengths ones. They can be very effective in breaking superconductivity in equilibrium whereas they are still "frozen" in the transient state. Therefore, the photoexcited state is dominated by short range amplitude fluctuations and related phase fluctuations. On the long timescale we may expect the formation of vortexantivortex pairs [40] whereas a coarsening phenomenon characterizes the early delays. Indeed, as noticed by Giannetti et al. [14] , the coalescence dynamics of transient reflectivity suggests the tendency of phase separation between the normal and superconducting phase. In this context, it is important to recall that a model leading to non-equilibrium first order phase transition has been discussed in the steady state by C. S. Owen and D. J. Scalapino [36] . Similar conclusions may concern also photoinduced phase transitions of conventional supercondutors [26] , Charge Density Waves (CDW) materials [37, 38] or magnetic ordering [39] . Hopefully, the theoretical advances in non equilibrium condensates [41] and dynamical phase transitions [42] may provide enlightening explanations in the near future.
Finally, our data on Bi-2212 indicate that the inelastic scattering of nodal quasiparticles can be employed as a sensitive probe of superconducting correlations with short-range. The persistence of such correlations in a photoexcited state without phase stiffness is an intriguing property of non-equilibrium condensates. 
